Nanoelectrochemistry is an important and growing branch of electrochemistry that encompasses a number of key research areas, including (electro)catalysis, energy storage, biomedical/environmental sensing and electrochemical imaging. Nanoscale electrochemical measurements are often performed in confined environments over prolonged experimental timescales with non-isolated quasi-reference counter electrodes (QRCEs) in a simplified twoelectrode format. Herein, we consider the stability of commonly used Ag/AgCl QRCEs, comprising an AgCl-coated wire, in a nanopipet configuration, which simulates the confined electrochemical cell arrangement commonly encountered in nanoelectrochemical systems.
Introduction
Significant advances in fabrication and characterization methods have seen modern electrochemical science being impacted massively by the nanotechnology revolution, effectively giving rise to a new branch of study known as 'nanoelectrochemistry'. 1, 2 In nanoelectrochemistry, the dimensions of the electrochemical probe or sensor (e.g., nanopore, nanogap, nanopipet or nanoelectrode) is reduced to the nanoscale in order to study phenomena at the 1 to 100 nm length scale. This has enabled fundamental studies to be carried out at the 'single entity level', where individual nanoparticles 1-3 , vesicles 4,5 , molecules 6, 7 , cells [8] [9] [10] etc. are detected and/or characterized using either 'static' (e.g., DNA sensing 11 , single nanoparticle impact studies 12-14 etc.) or 'dynamic' (e.g., high-resolution electrochemical imaging [15] [16] [17] electrochemical probes.
As well as small length-scales, nanoelectrochemistry is increasingly performed in confined volumes, and the high mass-transport rates intrinsic to the nanoscale give rise to a whole new set of experimental considerations/complications when compared to traditional 'macroscopic' electrochemistry. 1, 2 In nanoelectrochemistry large datasets are often required for statistical significance (e.g., in single molecule/nanoparticle detection [1] [2] [3] 6, 7, [11] [12] [13] [14] ) and/or to ensure areas of sufficient size are mapped in electrochemical imaging, which can result in prolonged measurement times. [18] [19] [20] [21] Furthermore, nanoscale experiments are usually carried out in a simplified two-electrode format, where the working electrode (WE) is balanced by a single 'quasi-reference counter electrode' (QRCE), which is justified when the measured current is small enough (e.g., fA to nA) to prevent significant polarization of the reference potential. Due to size, cost and complexity constraints, conventional fritted QRCEs are not usually employed in nanoscale electrochemical systems, with non-isolated QRCEs (e.g., Ag/AgCl) often being used instead. 4 A major consequence of prolonged measurement times is that the stability of the defined reference potential (i.e., QRCE potential) is of utmost importance in order to ensure high-fidelity data. In addition, QRCE placement with respect to the WE (or biological entity, as in live cell imaging [8] [9] [10] 22, 23 ) is also an important consideration, with recent articles reporting artifacts at WEs arising from Ag/AgCl contamination from QRCEs in confined electrochemical cells. 24, 25 For example, Perera and Rosenstein 25 reported on the in situ generation of metallic nanoparticles in a nanopipet contact format (also known as scanning electrochemical cell microscopy, SECCM 17, 26 ), which they attributed to the generation of soluble redox by-products at the Ag/AgCl or Cu/CuCl2 QRCE that was used in their studies. In that report, the authors claim to have observed QRCE contamination-induced effects after only 40 minutes of operation with a range of WE materials [glassy carbon (GC) and platinum] and electrolytes (chloride, phosphate and sulfate). This observation has far-reaching consequences beyond nanoelectrochemistry, as non-isolated Ag/AgCl quasi-reference electrodes are used extensively in electrochemical lab-on-a-chip devices, 24 in screen printed electrodes, 27 as well as in nanopore devices, 11, 28 and nanopipet imaging techniques, such as scanning ion conductance microscopy (SICM). 29, 30 Although any possibility of contamination from QRCEs can be entirely avoided by using non-fouling QRCEs such as palladium-hydrogen (Pd-H2) [19] [20] [21] , a simple 'back-of-theenvelope' calculation of diffusion time on the cm length-scale ( d = 2 /2 , where td is the diffusion time, L is the diffusion length and D is the diffusion coefficient) 31 indicates that fouling should only be an issue on the tens of hours timescale, with careful positioning of the QRCE. However, in light of the recent reports alluded to above, and given the increasing use of simple AgCl-Ag wires as QRCEs in various applications, herein we consider the stability and placement of Ag/AgCl QRCEs, using a nanopipet configuration (vide infra) to emulate a confined electrochemical cell. Experiments, supported by complementary finite element method (FEM) simulations, demonstrate that Ag/AgCl QCREs can be used for long times without any problems from contamination or potential instability.
Experimental Section
Chemical Reagents and Electrode Materials. Perchloric acid (HClO4, Sigma-Aldrich, 70%) and potassium chloride (KCl, Sigma-Aldrich) were used as supplied by the manufacturer. All solutions were prepared with deionized water (resistivity = 18.2 MΩ.cm at 25°C, Integra HP, Purite, U.K.). The GC substrate (HTW Hochtemperatur-Werkstoffe GmbH, Germany) was polished with an aqueous slurry of 0.05 µm Al2O3 (Buehler, U.S.A.) prior to use. The Ag/AgCl QRCE was prepared by abrading a 0.25 mm diameter annealed silver wire (Goodfellow, U.K., 99.99%) with P1200 sandpaper (Buehler, U.S.A.), sonicating and then anodizing in a saturated solution of KCl (vs. a Pt wire counter electrode). It should be noted that the stability of Ag/AgCl electrodes can be further improved by "aging", which was not carried out here (the Ag/AgCl QRCEs were used immediately after preparation). 32 Electrochemical Experiments. In the QRCE stability set of experiments, an Ag/AgCl QRCE was placed into a single-barreled nanopipet probe (tip diameter, dt ≈ 500 nm) that was filled with electrolyte solution (0.1 M HClO4). The tip of the probe was subsequently placed into an electrolyte bath (also 0.1 M HClO4), and the potential of the Ag/AgCl QRCE was monitored against a commercial Ag/AgCl reference electrode (3.4 M KCl, ET072-1, eDAQ, Australia),
using the 'open circuit potential' module on a FAS2 Femtostat (Gamry Instruments, U.S.A.).
In a separate set of experiments, currents of ±1 nA were applied at the probe (dt ≈ 100 nm) in a 3 electrode format (an Ag/AgCl wire in bulk served as a counter electrode) using the 'chronopotentiometry' module on a FAS2 Femtostat.
The QRCE placement set of experiments were carried out in the SECCM format on a home-built electrochemical workstation. 26, 33 Briefly, an Ag/AgCl QRCE was placed into a 6 single-barreled nanopipet probe (dt ≈ 100 nm) that was filled with electrolyte solution (0.1 M HClO4) and mounted on an xyz-piezoelectric positioner (P-611.3S, Physik Instrumente, Germany). Note that the probe size used herein is mid-range between the smallest SECCM tips used (dt ≈ 30 nm) 19, 21 and the ones of a few hundred nm, used routinely. 18, [34] [35] [36] The nanopipet probe was positioned above the substrate surface using stepper motors (8303 Picomotor Actuator, Newport, U.S.A.) for coarse movement and the xyz-piezoelectric positioner for fine movement. During each approach, surface current (isurf) was used as a feedback signal to detect when the meniscus cell had made contact with the WE surface. Note that the nanopipet itself never made contact with the WE surface.
Electrochemical measurements at the WE were made using a cyclic voltammetric "hopping" regime, as previously reported. 19, 34 In brief, the nanopipet probe was approached to the WE surface at a series of predefined locations in a grid and, upon each landing, an independent cyclic voltammogram (CV) was recorded. For each CV, the potential was initially held at -0.7 V for 5 seconds (ca. -0.23 V vs. standard hydrogen electrode, SHE, sufficient to electro-deposit any Ag + by reduction to Ag at the diffusion-limited rate) 31 , before cycling to +0.4 V at 0.1 V s -1 to electro-oxidatively strip Ag + . For comparison, Perera and Rosenstein 25 continually cycled the potential between ±0.4 V vs. Ag/AgCl QRCE at 0.1 V s -1 . The hopping distance (i.e., separation between each pixel) was set to 1 µm to ensure each CV was obtained on a 'fresh' GC surface (i.e., each measurement was independent of the previous).
The entire SECCM set up was situated in an aluminum Faraday cage, equipped with heat sinks and vacuum panels to minimize thermal drift and noise. The Faraday cage was installed on an optical table (RS2000, Newport, U.S.A.) with automatic levelling isolators (Newport, S-2000A-423.5). The GC substrate (WE) was placed into an environmental control cell, which was continually purged with humidified air or argon (Ar, BOC gas, Pureshield, 99.998%). The potential of the QRCE was controlled, with respect to ground, and the current flowing at the WE, held at a common ground, was measured using a home-built electrometer.
A home-built 8th order (low-pass) brick-wall filter unit with a time constant (tc) of 2 or 10 ms was utilized during data (current) acquisition. Data acquisition and instrumental control was Images of the as-prepared probes, as well as additional experimental results are presented in the Supporting Information, Section S1. The time between completing the probe preparation and recording the first CV (i.e., t = 0) was ca. 30 minutes.
After acquisition, the raw data were processed using the Matlab R2015b (COMSOL Inc., Sweden). Simulations encompassed a two-dimensional representation of a nanopipet probe, with dimensions extracted from TEM images 37 , situated above a substrate (WE) surface (SECCM simulations) or immersed in bulk solution (SICM simulations). In the SECCM simulations, three conditions were considered at the substrate surface: (i) the substrate is a no flux boundary, where there is no reaction occurring at the WE; (ii) [Ag + ]surf = 0 (i.e., Ag deposition occurs at the mass-transport controlled rate, the WE is an Ag + sink) and; (iii) initially a no flux boundary condition and then [Ag + ]surf = 0 after 2, 5 or 20 hours (i.e., Ag + is allowed to accumulate for a period of time before the reaction is 'switched on' at the mass-transport controlled rate). In the SICM simulations, a bias of +100 mV was applied at the electrode located in the nanopipet and the flux of Ag + at the orifice (tip) of the probe was calculated as a function of time. Further details are presented in the Supporting Information, Section S2.
Results and Discussion
Ag/AgCl quasi-reference counter electrode stability. As alluded to above, the stability of the QRCE potential is of the utmost importance, particularly at prolonged experimental measurement times. The potential adopted by an Ag/AgCl QRCE (EQRCE) is dependent upon the activity of chloride (aCl-) in solution:
where E 0 is the standard electrode potential of the Ag/AgCl couple (0.2223 V vs. SHE) 31 
where Ksp is the solubility product of AgCl, equal to 1.77 × 10 -10 at 298 K. 39 Writing Eq. (3) assumes that the dissolution of AgCl is fast compared to whatever diffusion rate prevails, which it is. 40, 41 This relationship assumes that there is no Ag exposed in solution (the Ag/Ag + couple can shift the reference potential) and that there are no interfering species present (e.g., Br -).
In order to test the stability of the Ag/AgCl QRCEs under operational conditions, a nanopipet (dt ≈ 500 nm) configuration analogous to that used in SICM 29, 30 or nanopore experiments 11, 28 was chosen to simulate a confined electrochemical cell environment, as shown in Figure 1a . HClO4 was chosen as the Clfree electrolyte because we have used it extensively in the past with both Ag/AgCl and Pd-H2 QRCEs. 18, 19, 21, 34 The potential of the Ag/AgCl QRCE was monitored in bulk solution against a commercial Ag/AgCl reference electrode over a 6.5
hour period, as shown in Figure 1b . Evidently, EQRCE is very stable over prolonged experimental timescales even in this Clfree electrolyte, drifting by less than 10 mV over the 6.5 hour period (ca. 1.4 mV h -1 ).
It should be noted that in 'real' SICM or dual-barrel SECCM experiments 30, 33 , the QRCE is biased in order to generate an ionic current typically on the order of ±1 nA. Thus, in order to investigate the stability of Ag/AgCl QRCEs over time in a 'typical use' case, a second set of experiments were carried out, again in a nanopipet configuration (dt ≈ 100 nm, closer in size to the probes used in actual SICM experiments 22, 37 ), except this time, constant currents of 0 (i.e., 'open circuit potential', OCP), +1 and -1 nA were applied at the tip periodically in 20 minute intervals over a 6.5 hour period (i.e., 7 individual measurements were performed under each condition), as shown in Figure 1c . Evidently, EQRCE is very stable even when biased at ca. Recent work by us demonstrated how large hopping mode SECCM 19, 21 and SICM 20 scans with thousands of pixels can be completed in less than an hour, meaning that drift of ca. conditions are shown in Figure 3a and b, respectively. Clearly, there is no evidence of Ag/AgCl contamination on the several hours timescale in the presence or absence of O2, with featureless CVs (background current << 1 pA) being recorded at times up to at least 323 minutes. As highlighted above, these CVs were obtained using a hopping mode protocol, and a total of 400 CVs were recorded over the entire time period, all of which were featureless, as shown in the Supporting Information, Figure S2a . This observation is in agreement with the 'back-of-theenvelope' calculation above, and is consistent with previous work by our group, where no evidence of Ag/AgCl contamination has ever been detected through electrochemistry or microscopy, even with prolonged scanning times. 18, 34, 43, 44 It should also be noted that Ag/AgCl
QRCEs are widely employed in SICM, a nanopipet-based technique commonly used for live cell imaging on the several hours to days timescale, 9,23 which would likely not be possible if significant amounts of cytotoxic Ag + was being readily released into the growth medium from the end of the probe.
For the above studies, care was taken during preparation and mounting of the nanopipet to avoid physical detachment of any AgCl from the QRCE. If such precautions are not taken, Ag/AgCl contamination is expected on a much smaller timescale, which was emulated here by purposely bending and distorting the QRCE when inserting it into the nanopipet probe, such that a small piece of AgCl broke off and lodged in the neck of the nanopipet, approximately 150 µm from the tip, as shown in the Supporting Information, Figure S1c . An identical set of hopping-CV experiments were carried out with this probe, with the results shown in Figure 3c .
In contrast to the results discussed above, evidence of Ag/AgCl contamination is obvious from the very beginning of the scan, with the Ag + reduction/Ag 0 stripping processes evident in the Figure S3 ; assuming the current spikes correspond to the complete oxidation of spherical AgCl NPs, diameters (dNP) of just 3.6, 6.1 and 5.3 nm were calculated for the spikes located at -0.380, -0.539 and -0.606 V, respectively.
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The CVs obtained with the damaged Ag/AgCl QRCE (Figure 3c ) qualitatively resemble those reported by Perera and Rosenstein 25 , albeit with much lower measured currents (they measured pA level currents with 'spikes' of tens of pA) and may serve as an explanation as to why they observed contamination artifacts on the 40 minute timescale. We have shown experimentally that Ag/AgCl contamination at the WE does not occur within at least 6 hours when suitable care is taken (i.e., 3 cm placement, no damage to QRCE). Given that 6 hours is likely to be longer than the 'lifetime' of the nanopipet probe, which are usually disposed of after a single set of experiments, it is clear that such contamination artifacts are not important in SECCM, SICM or related nanopipet studies. To further confirm this, transport of Ag + from the QRCE to the WE surface (or into bulk solution in the case of SICM) is explored below with FEM simulations. Figure 2 ). Evidently, at a QRCE-WE distance (delec) of 3 cm, no detectable amount of Ag + (i.e., sub nM) reaches the WE surface for several hours. It is worth mentioning that the simulated diffusion time is shorter than expected based on the simple back-of-theenvelope calculation carried out above; this is due to radial diffusion effects (i.e., enhanced mass transport) resulting from the tapered geometry of the nanopipet probe. 33, 37 Situation (ii)
is shown in Figure 4b , which considers the substrate (WE) current (Isub) vs. time when a reaction is occurring at the mass-transport controlled limit (i.e., the WE is an Ag + sink at a 'collection' potential of -0.7 V). Again, at delec = 3 cm, several hours pass before Faradaic current (i.e., fA level) attributable to Ag + reduction is detectable at the substrate WE. Situation (iii) is shown in Figure 4c , which considers the Isub transient measured after 'equilibration times' of 2, 5 and 20
hours. Again, negligible Faradaic current attributable to Ag + deposition (fA decaying to tens of aA, well below the measureable limit) is predicted after 2 and 5 hours of equilibration time.
It should be noted that the simulations outlined above only consider mass-transport by diffusion; further simulations (Supporting Information, Figure S5) show that this is a reasonable assumption on the experimental timescales considered herein, with electrical migration effects only becoming significant at prolonged times [>5 hours for delec = 3 cm and case (ii)]. In addition, migration can only make a significant contribution to Ag + transport when a cathodic potential is maintained at the WE [i.e., the WE is an Ag + sink, case (ii) above], which is often not representative of "real" nanoelectrochemical experiments, where the direction of the electric field is periodically reversed ('flipped') due to pulsing or cycling of the applied potential. Additional discussion is available in the Supporting Information, Section S2.
In the SICM simulations, a bias of +100 mV was applied at the electrode located in the nanopipet and the flux of Ag + at the orifice of the probe (i.e., the tip) was calculated as a function of time, as shown in Figure 4d . Again, as is the case above, at delec = 3 cm, several 
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Conclusions
The stability and fouling characteristics of Ag/AgCl QRCEs was investigated in a confined electrochemical cell environment (i.e., nanopipet) at prolonged measurement times (i.e., several hours timescale). The reference potential of freshly-prepared Ag/AgCl QRCEs was found to be very stable in Clfree electrolyte media (0.1 M HClO4) when confined within a nanopipet probe in the SICM format, drifting at a rate of ca. 1 mV h -1 over a 6.5 hour time period. Contrary to a previous report 25 , WE fouling by soluble redox by-products (e.g., Ag + ) originating from Ag/AgCl QRCEs was not found to occur after at least 6 hours of scanning in the SECCM configuration as long as suitable precautions with respect to electrode handling (to prevent physical detachment of AgCl) and placement (at least 3 cm from the end of the nanopipet tip) were observed. These experiments were supported by FEM simulations, which consider the transport of Ag + within a nanopipet probe in the SECCM and SICM configurations. This work serves as a confirmation that Ag/AgCl is a stable and robust QRCE when confined to a nanopipet probe, a conclusion supported by the widespread use of this important reference electrode system in the field of nanoelectrochemistry and beyond. If handled appropriately, this electrode can be used with confidence as a QRCE in a two-electrode configuration.
Finally, we note that an advantage of pipet-based cells is that one can easily assess the relative importance of ohmic effects in the confined solution, by measuring the conductance current-voltage characteristics. 37 For most SECCM measurements, with mM levels of redoxactive species and supporting electrolyte concentrations that are usually two orders-ofmagnitude higher, such effects are negligible for voltammetric measurements (which usually show pA to tens of pA current levels). 17, 26 Should the redox flux, and associated currents be much higher such that ohmic effects or polarization of the QRCE are no longer negligible, then one can readily adopt a three-electrode SECCM arrangement. 36 
